The coupling between distributions of organisms and their physical and chemical environment leads to an understanding of the eco-physiological requirements of these organisms. Pico-(0.2 to 2 µm) and nanophytoplankton (2 to 20 µm) are 2 major size classes of phytoplankton which play a substantial role in the marine microbial food web. Environmental control of picoand nanophytoplankton distributions has been less investigated in the Arctic ecosystems than elsewhere. In Arctic regions, polynyas are one of the most accessible and interesting areas for oceanographic studies. Polynyas are open water regions (or very lightly icecovered; Lewis et al. 1996) surrounded by sea ice. They have been referred to as the oases of the Arctic because of their high productivity. The largest polynya in the Canadian Arctic is the North Water (NOW: 75 to 79°N, 66 to 80°W) polynya of Smith Sound and the northwestern Baffin Bay. Most of the oceanographic expeditions in the NOW have aimed at explaining the mechanisms responsible for the formation and maintenance of the polynya (e.g. Muench 1971 , Steffen 1985 , Steffen & Ohmura 1985 , Addison 1987 .
To our knowledge, there has been only 1 study which investigated simultaneously the physical, chemical and biological variables in the NOW polynya; this study was carried out over just 2 d in May 1991 (Lewis et al. 1996) . To expand our understanding of this area, a multidisciplinary study, the International North Water Polynya Study (NOW program) , was initiated in 1997. The present study was conducted during the last cruise of this program in the fall of 1999 and describes the surface water distributions of pico-and nanophytoplankton as derived from flow cytometer measurements in relation to surface water temperature, salinity and nutrient concentrations.
Materials and methods. Fig. 1 shows the study area and the stations sampled for physical variables during ABSTRACT: Distribution of pico-and nanophytoplankton in surface waters was investigated in relation to environmental factors at 10 stations in the North Water (NOW), northern Baffin Bay, and at 4 more southerly stations in Baffin Bay in fall 1999. Water temperature (T ), salinity (S), dissolved inorganic nitrogen (DIN), phosphate concentrations and pico-and nanophytoplankton abundances were measured in the surface waters in the studied area. A clustering analysis was performed on these data and allows 2 major ecological regions to be distinguished. An eastern region was characterized by warmer, more saline, surface waters (T > -0.04°C, 31.1 < S < 32.7) where the picophytoplankton (eukaryotic flagellates, prasinophyte) were more abundant (700 to 4000 cells ml -1
). The distribution of picophytoplankton in the NOW was directly correlated with the surface water T and S. Another region, the northwestern, was characterized by colder, less saline, surface waters (T < -1.2°C, 29.3 < S < 31.0), can be divided into northern and western sub-regions. Nanophytoplankton (mostly diatoms) were more abundant (> 3000 cells ml -1 ) in the northern sub-region and their distributions followed the change in DIN concentrations. DIN and phosphate concentrations were higher in the northern sub-region than in the eastern region and the western sub-region, although DIN and phosphate concentrations were low in the NOW, with values ranging from 0.1 to 1.0 and 0.09 to 0.69 µM, respectively. Based on these ecological results, it is hypothesized that a surface current flows northward along the western coast of Greenland in fall, bringing warm, more saline water to the eastern part of the NOW. In contrast, surface Arctic water (colder, less saline) coming from the Kane Basin flows southward along the western part of the NOW. These 2 distinct water masses, with their different physical and chemical characteristics, govern pico-and nanophytoplankton distributions in the NOW during the fall.
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Resale or republication not permitted without written consent of the publisher the 2nd leg of the 1999 NOW program (12 September to 5 October 1999: hereafter referred to as fall). Samples were collected with a rosette sampler (General Oceanics, Inc.) equipped with 10 l water bottles (Brooke Ocean Technology Limited, Dartmouth, Nova Scotia) and a CTD (ICTD, Falmouth Scientific, British Columbia) which simultaneously measured salinity, temperature and depth.
Temperatures and salinity were measured in the water column at 26 stations in the NOW and at 4 more southerly stations in Baffin Bay (Fig. 1) . In the present study, only surface water (0 to 2 m) data are presented. Surface water temperature and salinity are the mean values of several measurements (maximum of 12) from the same cast.
For the determination of dissolved inorganic nutrient concentrations, surface water (0 to 2 m) samples were collected at 10 stations in the NOW and at 3 stations in Baffin Bay (Fig. 1 ). Samples were filtered through precombusted (500°C for 5 h) Whatman GF/F filters and the filtrate was analyzed immediately for ammonium using the method of Solórzano (1969) as described by Parsons et al. (1984) . The remainder of the filtrate was frozen at -80°C for later determination (within 2 mo) of nitrate plus nitrite, nitrite and phosphate using a Technicon II Autoanalyzer (Strickland & Parsons 1972) .
Surface water (0 to 2 m) samples for determining phytoplankton distribution were collected at 10 stations in the NOW and at 4 stations in Baffin Bay (Fig. 1 ). They were analyzed using a FACSORT Analyzer flow cytometer (Becton-Dickinson) fitted with a 488 nm laser. Occasionally, samples were also collected at 7 optical depths (100, 50, 30, 20, 10, 1 and 0.1% surface irradiance) at Stns 15, 18 and 66 and at 3 first optical depths at Stn 76. The forward light scatter signals were calibrated on board the ship using Fluoresbrite beads (Polysciences, Inc.) of different sizes. For samples of the NOW, duplicates of 2 ml fresh samples, after adding beads of 2 and 10 µm as internal standards, were immediately analyzed. Samples from Baffin Bay and vertical profiles were analyzed singly. The location of beads permitted, first, the identification of the size range of phytoplanktonic populations and, second, the instrument performance to be continuously controlled during analyses. This produced homogenous and comparable data. The flow rate of the flow Ba ffi n Ba y Gr ee n lan d Fig. 1 . Sampling area in the North Water (NOW) and in Baffin Bay. Temperature and salinity were measured at all stations. Samples for the determination of nutrients and phytoplankton abundance by flow cytometry were collected in surface waters at 10 stations in the NOW (Stns 15, 18, 31, 40, 42, 45, 54, 58, 66 and 76) and at 4 stations in Baffin Bay (Stns 201, 202, 203 and 204) . Nutrient data are missing at Stn 202 in Baffin Bay. Pico-and nanophytoplankton abundances were also determined using a flow cytometer at 7 optical depths at Stns 15, 18 and 66 and at 3 optical depths at Stn 76. Samples for microscopic phytoplankton identification were collected at a single depth between 7 and 29 m at 7 stations in the NOW (Stns 18, 40, 45, 54, 76, 32 and 68 ; the location of the 2 latter stations, which are in close proximity to Stns 31 and 66, is not shown)
cytometer was set to 60 µl min -1 and the acquisition time was between 5 and 20 min. The phytoplankton were detected using red fluorescence (> 650 nm), which is attributed to chlorophyll (chl). To verify the presence of cyanobacteria, orange fluorescence (585 ± 21 nm), characteristic of phycoerythrin pigment, was also utilized. The data were logged using Cell Quest software and analyzed with Attractors software, both from Becton-Dickinson. Samples for phytoplankton microscopic identification were collected at 7 stations in the NOW (see legend of Fig. 1 ). They were stored and identified according to the protocol detailed by Booth (1993) .
Before undertaking the different parametric statistical tests, the normality of distribution and the homogeneity of variance of each variable were verified with the normal probability plot of residuals and Bartlett's test, respectively (Sokal & Rohlf 1981) . When required, the data were transformed. To regroup stations with similar physical, chemical and biological characteristics, 2 clustering analyses were performed. First, the data collected at 10 stations in the NOW (i.e. water temperature, salinity, phosphate, dissolved inorganic nitrogen [DIN: sum of nitrate, nitrite and ammonium], pico-and nanophytoplankton abundances) were standardized. A complete linkage clustering of a matrix of Euclidean distances among the standardized data was then achieved according to Legendre & Legendre (1984) using Statistica software (StatSoft, Tulsa, OK). Second, the same analysis described above was performed using the data collected at 3 stations in Baffin Bay (Stns 201, 203 and 204) as well as those from the NOW. For each variable, a 1-way analysis of variance (ANOVA) was performed to seek significant differences among groups of stations (or regions) in the studied area. The ANOVA was completed by a multiple comparison test of means (Tukey's Honestly Significant Difference test for unequal sample sizes). Spearman's rank correlations (r s ) were also calculated to determine the relationships between the different variables measured at the 10 stations in the NOW.
Results. Surface water temperature and salinity in the NOW ranged from -1.69 to 0.60°C and 29.37 to 32.93, respectively. In Baffin Bay, they ranged from 0.41 to 0.70°C and 30.42 to 32.12, respectively. Surface water temperature versus salinity are plotted in Fig. 2A for all stations. Two groups of stations in the NOW were distinguished: (1) stations with cold surface water < -1.2°C and low salinity, varying from 29.3 to 31.0, located on the Canadian side of the NOW, and (2) those with warm surface water > -0.04°C and high salinity, ranging from 31.1 to 32.7, located on the Greenlandic side of the NOW (Fig. 2A) G r e e n l a n d E l l e s m e r e I s l a n d Kane Basin the boundary between the warm, more saline, surface waters observed near the Greenland coast and the cold, less saline, surface waters observed along the Canadian coast (Fig. 2B) . The Baffin Bay stations were characterized by warm, more saline, surface waters, much like the waters near Greenland in the NOW ( Fig. 2A) . Nutrients were generally low in the surface waters of the NOW and in Baffin Bay (Table 1) Fig. 3A) . The lowest concentrations of picophytoplankton (<100 cells ml -1 ) were measured at Stns 31 and 45, which are located in the western part of the NOW (Table 1, Fig. 3A ). In the surface waters of Baffin Bay, picophytoplankton concentrations were generally higher than 1300 cells ml -1 , with a lower value of 700 cells ml -1 at Stn 201. Microscopic identifications revealed that the picophytoplankton were eukaryotes shaped like Micromonas, a prasinophyte alga. Indeed, HPLC pigment signatures of fractionated (< 5 µm) surface water collected at Stn 203, where the picophytoplankton were very abundant in fall 1999, were very similar to those of Micromonas sp. isolated in the NOW in June 1998 (F. Vidussi & C. Lovejoy unpubl. data). It should be noted that cyanobacteria were not observed in the surface waters of the studied area in fall 1999.
Nanophytoplankton abundances were maximum in the northern part of the NOW (Stns 15 and 18), with concentrations of > 3000 cells ml -1 (Table 1 , Fig. 3B ). Nanophytoplankton abundances in the central part of the NOW (Stns 40, 45 and 54) varied between 1000 and 1200 cells ml (Fig. 3B) . In the surface waters of Baffin Bay, nanophytoplankton abundances varied between 100 and 1000 cells ml -1
. The nanophytoplankton community comprised mostly centric Bacillariophyceae (Chaetoceros socialis, 10 × 5 µm; C. hyalochaete, 8 × 7 µm; and Thalassiosira sp., ca 12 µm). The other groups were Prymnesiophyceae, Dinophyceae (Gymnodinium spp., peanut shaped, 5 to 10 µm; Gymnodinium spp., <15 µm; and another species of 15 to 20 µm) and Dictyochophyceae (Dictyocha speculum, ca 18 µm). Table 2 . The eastern region had significantly higher surface water temperature and salinity than the northern and western sub-regions. In addition, this region showed significantly higher picophytoplankton abundance than the western sub-region, and lower concentrations of nanophytoplankton and DIN than the northern sub-region. Finally, the western sub-region had significantly lower nanophytoplankton concentrations than the northern sub-region. Another cluster analysis using the data from Baffin Bay and the NOW allowed all the stations from Baffin Bay to be included with those of the eastern region of the NOW previously described. According to correlation analysis, in the NOW picophytoplankton abundance was directly correlated with water temperature and salinity while nanophytoplankton abundance was directly correlated with DIN concentration (Table 3) .
Discussion. Simultaneous investigation of physical, chemical and biological variables led to the separation of 2 major ecological regions in the NOW during fall. The northwestern region was characterized by cold (< -1.2°C) and less saline (between 29.3 and 31.0) surface water, whereas the eastern region was characterized by warm (> -0.04°C) and more saline (between 31.1 and 32.7) surface waters (Fig. 2) . These results are in agreement with earlier studies showing the presence of warm water along the Greenland coast (Steffen 1985, Melling et al. in press) . The frontier between the northwestern and eastern regions passing near Stns 36 and 38 (Fig. 2B ) corresponds more or less to the boundary which had been determined in a previous study from the abundances of large phytoplankton taxa in the NOW in May 1991 (Lewis et al. 1996, their Fig. 2 ). Ecol 23: 205-212, 2001 During this study, the contribution of phytoplankton < 5 µm to the total chl a concentration (> 0.7 µm) in the surface waters of the NOW varied from 16 to 37% in the eastern region, from 12 to 20% in the western subregion and from 10 to 13% in the northern sub-region (B. Klein pers. comm.). In terms of cell number, picophytoplankton were, on average, 6 and 41 times more abundant in the eastern region than in the northern and western sub-regions, respectively (Table 2) . They were generally more abundant in the surface waters than in the lower part of the euphotic layer (data not shown). The strong direct relationships between the horizontal abundance of picophytoplankton and the surface water temperature and salinity in this study (Table 3) show a close association of picophytoplankton with the warm and saline surface waters of the NOW in fall. However, in summer 1998, picophytoplankton bloomed (> 3000 cells ml -1 ) at Stns 54, 58 and 68 (near Stn 66; Fig. 1 ) at depths ranging between 6 and 50 m in cold water (-0.8°C > T > -1.7°C) and high salinity (32 < S < 33.5) (B. Booth unpubl. data). In the NOW and Baffin Bay, picophytoplankton were dominated by a prasinophyte alga, presumably Micromonas sp. This species is probably the most common phototrophic flagellate of Arctic seas. For example, M. pusilla < 2 µm was observed at high concentrations (132 000 cells ml -1 ) in the Northeast Water (NEW) polynya, located on the continental shelf off NE Greenland, during the summer 1993 (Booth & Smith 1997) . In both the NEW polynya and the NOW, this picophytoplankter was found in ice-free areas at a period when nitrate was at a low concentration (i.e. 0.83 µM in the NEW polynya and ca 0.1 to 0.7 µM in the NOW). Picophytoplankton, hypothetically M. pusilla, were also found in summer 1994 in ice-covered waters of the Pacific side of Arctic Ocean at concentrations between ca 1300 and 10 000 cells ml -1 (Booth & Horner 1997) . Results of the 1997-1998 SHEBA (Surface Heat Budget of the Arctic Ocean) expedition in the permanently icecovered Arctic Ocean (75 to 80°N, 143 to 166°W) showed that Micromonas sp. reached a maximum abundance of 28 000 cells ml -1 during the initial spring bloom and were present at an abundance of 1000 to 10 000 cells ml -1 in the upper 40 m during the rest of the growing season (Sherr et al. unpubl. data) . This picophytoplankter, therefore, is ubiquitous and abundant in Arctic systems.
In contrast to picophytoplankton, nanophytoplankton were, on average, 4 times more abundant in the cold, less saline, surface waters of the northern subregion than in the eastern region (Table 2) . They were also more homogeneously distributed in the euphotic layer than picophytoplankton (data not shown). The surface waters of the northern sub-region contained higher concentrations of DIN and phosphate than the eastern region and the western sub-region. In the sur-210 face waters of the NOW, the horizontal distribution of nanophytoplankton followed the change in DIN concentrations (Table 3 ). This suggests that the availability of nutrient plays a greater role in the distribution of large algal cells in the NOW than do water temperature and salinity. Nutrient availability often governs the extent and duration of phytoplankton blooms in coastal and oceanic waters. During the fall of 1999, the surface concentrations of DIN and phosphate were low in the NOW, with values ranging from 0.1 to 1.0 and 0.09 to 0.69 µM, respectively. These concentrations are much lower than the nitrate and phosphate concentrations of 3.7 to 10.8 and 0.5 to 1.4 µM, respectively, measured in the NOW at the beginning of the spring bloom in May 1991 (Lewis et al. 1996) . In the present study, the DIN:PO 4 molar ratios (Table 1) were always lower than the value of 16 of Redfield et al. (1963) , which suggests possible deficiency in dissolved nitrogen relative to phosphorus. Since the surface waters of the northern sub-region contained, on average, more DIN and phosphate than those in the eastern region and western sub-region, respectively (Table 2) , this can indicate that the Kane Basin located in the north of the studied area (Fig. 1) is a source of dissolved nutrients for the NOW. According to the nutrient enrichment in the northern sub-region and based on the cold, less saline characteristics of the northwestern region of the NOW, the surface water mass of this region, which contains very few picophytoplankton, could be considered as a tracer of Arctic water coming from the Kane Basin. This is in agreement with the surface water current in the NOW found by Muench (1971) and Bourke et al. (1989, their Fig. 4) , among others. Despite the low water temperature, the input of new nutrients permits the growth and accumulation of large phytoplankton in the northern sub-region of the NOW in the fall. In the NOW, the concentrations of nitrate between 0.03 and 0.7 µM (Table 1) are within the range of reported values for the affinity constant of large phytoplankton for nitrate in oceanic and coastal waters (K s = 0.01 to ≤ 2.0 µM; Eppley et al. 1969 , Carpenter & Guillard 1971 , MacIsaac & Dugdale 1972 . It thus appears that the large phytoplankton had already reduced nitrate concentrations to levels that limited the abundances of these cells.
Baffin Bay surface waters, because of their similar biological and environmental characteristics, were grouped by cluster analysis within the eastern region of the NOW. The presence of more than 1000 picophytoplankton cells ml -1 in Baffin Bay surface waters with a temperature higher than 0.4°C demonstrates again that picophytoplankton develop to a greater extent in relatively warmer surface water in fall. This result also supports the hypothesis that picophytoplankton observed in the NOW in fall may originate from waters flowing from the south. Lewis et al. (1996) observed warm water between 250 and 350 m in May at their Stn 1 (76°23' N, 71°29' W, near Stn 58 in the present study; Fig. 1 ). Based on the discovery of deep warm water in spring, Lewis et al. (1996) hypothesized that the West Greenland Current (WGC) moves north in winter and enters the NOW through the channel between the Carey Islands and the Greenland coast. They concluded that this current is the only possible source for the observed warm water, which is progressively mixed as it moves northward and eastward. It is notable that in the present investigation, the surface water temperature at Stns 76, 58, 42 and 20 near the Greenland coast displayed a progressive decrease of 0.6, 0.5, 0.4 and 0.3°C, respectively, from south to north (Figs. 1 & 2B) . This pattern could indicate that, in fall, there is a northward current, probably the WGC, crossing the NOW which follows the Greenland coast. This agrees with the surface dynamic topography proposed by Bourke et al. (1989, their Fig. 4) .
The presence of another group of picophytoplankton, the picocyanobacteria, in warmer waters in the Arctic region (in the ice-covered East Greenland current at 80°N in the Greenland Sea) has already been demonstrated by Gradinger & Lenz (1989) . They found that within the upper 200 m of the water column, picocyanobacteria abundances decreased from the warm Atlantic Intermediate Water (AIW) to the cold Polar Water (PW). Gradinger & Lenz (1989) indicated that the number of cyanobacteria was extremely low in the East Greenland Current (EGC) area, where eukaryotic phytoplankton constituted the main fraction of picophytoplankton. The main current in the East of Greenland is the southward EGC. This current, at the southern point of Greenland (Cape Farewell), flows north and joins the Irminger Current (North-Atlantic Water). This current then follows the Greenland coast and constitutes the WGC, which enters Baffin Bay (Tchernia 1978 , Clarke 1984 . It is therefore possible that seed population of picophytoplankton could be advected in the surface waters of Baffin Bay and eastern region of the NOW by WGC, waters already conditioned for successful growth of picophytoplankton.
In summary, the results of this study show that picophytoplankton can be used to distinguish the origin of the 2 major surface water masses in the NOW during the fall of 1999. Indeed, the colder, less saline, Arctic surface waters originating from the Kane Basin, which move southward along the Canadian side of the NOW, contain very few picophytoplankton, whereas the warmer, more saline, surface waters originating from WGC, originating from Baffin Bay and progressing northward along the Greenland side of the NOW, favor the growth and accumulation of picophytoplankton.
